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4 dtper}mentg on the Influence on boundar Vuverso

i

Though we should only dlscuss experlmental papers in thls chap-
ter we ceuld not but make some theoretical considerations, toco, for,
according to the special condltlons under which this summarj is
given, it nwust first satisfy the . requlrement of completeness -
conrary to a text-book for instance - 1rre~pect1ve of the state

- of perfectlon of the suogect in questlona It follows that this

survey would only be a loose enumeration of facts if” it were li-

- mlted to the test results alone in cases where we dispose of
‘ :1ncomplete or even few tests only° Here, the connection can onl

be found by means of theoretlcal con51derat10nsg‘

+ For the bubJeCt to be’ treaued there results a d1v1510n intc

. three partso Tne first two parts deal with tne means applied in

order to keen the flow laminar along. the - greatest p0381ble part .
of . the surface.,tne suitable cholce of the shape of the body which

. led to the«ievelopment of the so-called laminar profiles in the
';,case of aerofoils, and on the other hand the removal of the
| }boundary layer material near tne wall by sucklng off, The sensiti~
B vlty of the laninar boundary layer. to dlsturbances on the surface
' of the body will be discussed in the third section.

- Ve need not dlscugs nroblems of exper;mental technique, gince
"no special experlmental methodn were developed for measuring

boundary leyerso Boundary layers and transxtlon points were nea-

" sured 1n the. well-known way by means of the total-pressure tube.

The measurement of the’ boundary layer was often completely re—
Jounced and the wake behind the body was measured instead. This
measurement is simpler and yields the drag from which a conclusion

‘_qn,the approximate position of the transition point can be drawn.

4.1 Maintaining the Leminer Conditions by means of the Shape
) (Laminar Profiles).
"By H.Holstein,

PO
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4,11 Survey and hlmltatlono

‘The aim of reducing the resistance of the aerof011 as far as
p0531ble has occupied aerodynamlc profile reeearch in recent years

‘by the development of the so-called laminar profiles. These are

proflles for which the reglon of the laminar boandary layer from
the.stagnatlon point of the transition point was extended to a

greatest possibly part of the surface. We must not be surprised



B

that this new trend of development obtained its improvements‘wicn A
respect to resistance only with deteriorations of other important
profile characteristics such as maximum 1ift and curve of moments, -
since the aerofoil already had-beencieveioped to a high degree. (
This is the case at least for .the tést‘results obtained so far, §
Moreover the”ﬁnfavourabie~factithatvonly about 1/6 of the resistarce
‘saved acts as relative velocity inc}ease‘will be the reason why no
very great attentlon was paid to thefdevelOpment of laminar pro-~
flles id Germanyo The systematic experlmental investigation of the
condltlons of keeping the boundary layer-of aerofoil profiles

' lam;ngr,_thereforeg is still in its first stage whereas the ex-
 perimental investigation of the transition and of its cause was =
not made at all. The following statements, thérefore; will be li~

- mited to indicatevtpe laws of transition for laminar profiles by
méans of the available test results. .As to the study'of the pro-
perties of the lamlnar proflles in view of the ch -behaviour,.

for example, w1th andw1thout llft—lncrea31ng means, see/monograph
'E 6 1. '

[

M
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/

‘4 12 Influence of the P031t10n of the Trans;tlon Point on the
- Registance. ‘

: 4 121 The P0331ble aav1ngs of Re31stance (Theoretlcal)

. Before treaxlnb the test. results on laminar profiles let
us glve a small theoretical discussion of the flat plate 1n.paral~ '
-le; flow, since it gives a good survey on the possible 'savings of
resiétance obtained by keeping the laminar conditions to a greater
extent. The Reynolds numbers R or Rcr1t9 respectlvelys are dexlned-
by means of the velocity of the incident flow and the’ chord of the
plate or the lanlnar running length up to. the trans1tlon po:.nt0
'1Moreover CD lam, is the drag coefficient of a plate with lamlnar
flow as far as its tralllng edge and CD lamo—turbo is the drag
coefficient of a flat plate which has its transition point at the
ip01nt corresponding %o Rcrlto Now we assume that it would be
possible by some measures to increase the critical Reynolds number
- of the plate from Rcrlto to R, in other words to displace the
transition point from its original position to the trailing edge
of the plate. The relative saving of resistance. obtained by this
,;hackward dlsplacement is then obv1ously glven by -

CD Jam,

1 -
Ub lan.-turb.
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It 1s.ea51lj taken from Fig.1 for the values R/Rcrlfo betveen 1
o and 100° Henc®: the savings increase with Aincreasing absc1ssa, i.e.
. it is greater; the greater the part of- the plate—chord covered
by the displacement of the transition point. The fact that the
5; savings also increase for a’'fixed value of‘thelabscissa with. in-
gf,ereesing Roit. is due to the stronger decrease of the laminar
. - drag coefficient with increasing R-number than that of the tur=
i buleni drag, and hence the relatlve differences between both, and
~ . with them the positive saVLngs, inerease with 1ncrea31n% R. With
" “the relatively small critical Reynolds number of 0.5%x107, for in-
= sstance, we save more than 50 per cent. of the resistance if the.
' trangition point is displaced from the centre of the plate to the

;;>trailing edges = "fo' 5 o aij'-,~;;'F
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4 122 Pressure Dlstrlbutlon and Pos1t10n of the Tran51t30n Pomnto
blspos1t10n of the Test Results°

; Jhereas the tran31t10n point of tne flat plate can’ be dlsw‘
placed backwards by means. of a perfection of the surface only, we
e can obtain this.in the case of the aerof01l by a suLtable varia-
i‘utlon of the pressure distribution, too.. This means was already p
’ recomuended bg the well-known con31derat10ns of stability (comr '
., pare B 3) on proflles with laminax boundarj layers: The laminagy
boundary layer is less sensitive to-disturbances during the pres— -
qure drop than during the'pressure_riseo4Therefore the pressure -
~ minima were displaced backwards on both Sides of the,profile as
- far as possible in order to obtain the 1osgestbpossibly way of
the laminar flow. Fig.2 shows the pressure distribution of a usual
symmetrical NACA-profile (NACA -0010) [7] 10 per cent. in thick~
‘'ness as compared with that of a symmeurlcal laminar profile [4] of
, equa1 thickness. The lattel has ‘a greater backward position of '
; ' thlckness and a smaller nose radius. Due to these alterations the
. pressure mlnlmum is dlsplaced backwards from abouu 5 per centa to
. about 60 per cent0 of the chord. '4_> - ’

Based on the fact that mainly the pressure dlstrlbutlon will
affect thé position ‘of the tran81t10n point, the lamlnar proflles <
were developed in different ways: ’ '

'.‘ 1) The- pressure dlstrlbutlon was given. and the oorrespondlng ,
profile shape was calculated after one of the well-known methods [2L
2) The special,family of J o uk ow s k i '~ profiles was taken
as'a basis for calculating sultable pressure dlstrlbutlons by
varying the proflle parameters [3, 7, 23]. |



©3) Blsymmetrlcal contours such as. 01rcular arc b1~sng1e [1 5]
“or elllpse [2 10] were taken as a basiss They are known to have
the pressure minimum at. 50 per cen,tu of the chordo »

4) The class of the NACA—proflles was systemetlcally extended
to shapes with greater backward positlons of maximum thlcxness anc
smaller nose radii [59 16}

B

o . 5) The lamlnar proflles whleh had become known from abroad
were tested and were taken in some cases as a basis for further
\ development. These were the Japanese proflle Tokio LB 24 [7],
_the profile NACA 27215 [7], the Mustang-profile [8, 9, 11, 18, 21,
22, 26], and. the se—called,,Russ:.an lamlna:t: profz.le [15, 17a 19,
_zeif 20,23 5], - i

. R . . . . [P .q.._;_ SN

4 123 Test Resultsg espe01ally for Symmetrlcal Proflles in o
Symmetrleal Wlowo' D L : e e

- | For “the’ R—numbers of few mllllons at Wthh these profiles
were flrst investigated the measurements generallj gave the wanted
succegs w1th respect to the decrease of res:.ste.nceo The transition

- pelnts mostlv lay in these cases at 70 to 80 per cent.’ of the

’ proflle chord and correspondlngl the drag coeff1c1ent C dew-
creased to about half the values of the usual proflle°

-

‘ Thls -decrease of CD continued even vihen- extreme proflle shapes
were chosén e.g. with a thickness of 15 per cento, a backward po-
sition of thlckness of 65 per cent., and as angle of the trailing
edge of 40 [7] This will flrst ‘e surnrlslng on account of the
turbulent boundary layer Jhichis probably very thick at the 3
tralllng edge. Ve reellze9 ‘however, that the turbulent boundary
layer will guickly increase at the tran31t10n point due to the

) great pressure rise whlcn in its turn decreases the skin frlctlono
Slnce the relatlvely,great turbulent skin friction shortly after
the transition generally gives rise to the main portion of the

| resistanee, a reduction of these stresses due to considerable

pressure rise may even'have a favourable effect. Such'an effect

was aotually stated by means of measurements on proflle shapes
which- were espe01allg designed for thls purpose [j2g 13] :

Sinoe the pressure dlstrlbutlon is the essential property
: which - for. given R-number and technically unobjectionable pro-
~.file surface — determines the behaviour of the laminar boundary
layer,’every kipd‘of‘representetion of +the laminar properties by

4

i
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| meahs of unspecified profile parameteps'(for instance thickness,
backward position of thickness, camber ete.) is incomplete, for |
they will at best determine the‘preésure distribution of the special
profile family in question. Let us mention for explanation that
the contour of a "profile family" is represented by'one formula in
which a more or less great number of parameters remains free. Ne-
vertheléss we depend on such & representation if we want to galin

a survey on the aerodynamic properties of the laminar profiles,
Moreover if not the absolute measuring values at least their wva-
riations with the profile parameters can be extended t6 other pro-
" fille families, As we shall see later on, we can restrict ourselves
to symmetrical profiles without an essential limitation of the
general validity., Only three profile narametersAdééisive'fgr the

- laminar condltlons remain in this case. B

»These are. S o . o o , R

N |t x /L, @y L/t
‘where | is thickness, x, its position, and i?N the. nose radius.

The last mentioned profile parameter is called the nose coefficient
and has been formed in such a way as to obtain always the sauwe
value for profiles of the same proflle family with t he same back--

- ward p051t10n of thickness. For the elllpse, for instance, its

value is 0.5, whereas for NACA-profiles it is 1.1.

\~Apart from unusual Cases (sudden curvature change the profile
;contour' compare sectlon 4, 3) the drag coefficient for symmetrical
'proflles is smallest for symmetrical jncident flow. Here the sum
of the laminar ways on the upper and lower sides has its maximum
value. Hence the test results of a series of symmetrical profiles
"in symmetrical flow and with constant R-number can depend on the
- three above-mentioned parameters only. The only measuring series
which is great enough for such a consideration was made with pro-
files of enlarged NACA-systematics [3]. The measured drag coef-
"ficients are plotted againsf‘the backward position of thickness,

" and measuring points associated to profiles with the same thickness
and the same nose coefficient are connected by curves. The various
profile thicknesses are marked by verious plottings of the points
and the nose coefficients by different plottings of the lines,
The increase of CD with the profile thickness in the case of
constant nose coefficient and backward position of thickness is
dua to the thick ening of the turbulent toundary ‘layer 1n the rear
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. part of the profile; for the transition point will not move
considerably in this case, For the profiles with the three smal-
_ler nose coefficients we observe a considerable decrease of Cp
with increasing backward position of thickpess° This is due to the
'prolongation of the laminar boundary layer. This is no .longer the
case, however, for the usual nose coefficient 1.1 of llaCi~-profiles.,
In.atvleast 2 of the four indicated cases the most favourable
backward position of the thickness is below 50 ?er cent., of the
 chord. Hence it is indispensable if we want to d evelop a profile
with a pronounced laminar effect from a standard profile, to de-
crease the nose radius as well as to displace the maxiunum thickL

:Alnsss backwards. Since this is necessarily connected with a loss

of maximum llft we shall naturallJ trJ t0 manage ”1+n a minimum
reductlon,of the nose radius. ’

© 4.124 The LaminarvEffect and the Range of Lift. Influence of
the Profile Camber. ’ '

The pressure distribution being of decisive influence on
‘the position of the transition point, great backward positions of .
 the latter can ex1st 1n a CL~ran ge only in which no considerable
sub-pressure peaks were found near the nose. Accordlng to the
available measurements this was generally the case 1n a range

"CL = 0.2 to 0.3 for not too small nose radii. Fig.4 shows a
stmklng exanple for the position of the transition point and the’
drag coefficient. It refers to the lamlnar profile 1ndlcated in
Flg 2 [4].

For the,ssme reason we can supﬁose that the-CL—range of great
backward positions of the transition point moves towards higher
CLfvalues withvincreasing cambero As is shown by the measurements,
~ [4], this CL range always lies on both sides of the entry without
»shock waves, i.e. of the'CL-value for which the stagnation point
lies at the point of intersection of the skeleton line with the
contour of the proflle° Moreover the trans1tlon point on the suc-
tion side moves forwards more 5raduallj in the case of cqmbered
profiles than in the case of the symmetrical profile, % . of
"the influence of the camber on the position of the transition poirt
enabled us to restrict'the investigations on laminar profiles to

»symmetrical proflles Wthﬂ is obviously an essential slupllfica-
tion.

%)whereas the motion of the pressure slde renains sudden f4}9
This knowledse N
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" 4,13 Influence of the:Poéition‘bf the TfansitioniPoiﬁtkon'the Lifts

e have so far discussed only the 1nfluence of’ tne p031t10n

of the tran51t10n point on the resistances .The de51red great back~
- "ward positions of the transition point could only be maintained in
a relatively small C.-range. At the limits of thls range the tran-

L
sition point began- ta}move‘;orwards more or less guickly on one of

o the profile sides. This forward movement has an unfavourable in—

fluence on the .1lift. In order to explaln this let us agaln flrst
‘:con31der the flat plateo_ ‘

P o=
-

K

4. 131 'Dhe "L:Lft Jump":on the Flet Plate; ’

We assume svmmetrlcal flow and ‘the bouﬁdarj"lavér on both
gsides of the plate to be lamlnar up~to the tralllns edge. Let us
. lanminar thickness of dlsplacement on both sides of the tralllng |
- edge be 611(gompare F:.gc,Sv.9 case (b)) WlthAa’very small angle '
of incidence in the one or the other direction which will not con-
- sideraﬁlv vary the pressure distribution bf'the potential flow, the
' trans1t1on p01nt jumps on. the respectlve suction 31dé to the |

" leading: edge of the plateo ‘

At the trailing- edge of the respective suctlon side there -
f“w1ll then be the - mostly much greater - thlckness of dlsplacement
'_'of‘the turbulent boundary layer 5 (case (2) and {c) of Fig.5).
NThe mean point of departure of the streamllnes for different tnlckm
nesses of displacement - <§u and 5 is O, 5 (5 11) above or-
7 below the tralllng edge  of the plate° Thus a small angle of incidencs
e~ ~ 0,5 (éjt/é 11‘/) is induced. If the plate now passes at

o= O the conditions (a),. (b), (c) of - rlgos one after amother
) starting with negatlve and*endvlng with positive angles on ineci--
'denqe, the effectlve angle of incidence makes a jump amounting to
;Zaand°° From thls results a Jjump of the llft coefficient © Op
‘amounting to Ac = AT, o s and the 1ift goefficient plotted against
the geometrlcal angle of 1n01dence is represented by Fig.5 (d)..
Using the well-known Blasius formula for the laminar and the tur-

bulent thickness of dlsplacement at the tralling edge, we obtaln
' the relatlon ‘ )

0.5 .

=0:2 _40.9. R

ACp = 0.29- R

for the "lift jump" as we shall briefly call it.



wT Figas shows the 11ft Jump.plotted agalnst the ReJnolds number
’ﬁof the plate accordlnb to this formulao As is seen9 the -1ift jump
at the flat plate is not very great. The maximum value is about
" 0,008 and corresponds to about R = 3X1O6° With increasing R-number
-A(ﬁ;decreases only slowly and hence the R-numbers, nowadays usual
for aeroplanes, remain in the range of the maximum. Below the R-
 numbers of the maximum the vaiue of the 1ift jump quickly drops
- to zero. Negative values of ACL are unimportant, since according
to experlenee the bounda ry layer on the plate is not yet turbulent
":for the ass001ated small Runumberso

-_4 132 The "Lift Jump" for Proflleso

-

o As is seen above9 the llft jump ns@essarlly is 1nvolved by ‘
the movements of the transition points 1f these movements do not
run at the same time and in the same sense. Since the movements
of the tran51t10n p01nts9 however, do not run in the same sense
‘when changlng the angle of 1nc1dence9 all laminar profiles have a
llft gump, tOOo This 1ift jump-is often cons1derab1J greater for
proflles of finite thickness than for the flat plateo This is due
-to the fact that the turbulent boundary layer -extends durlng pres-
‘sure rise by a far greater part up to the trailing edge than the
laminar one and thus contrary to the flat ‘plate the mean point of
departure of the streamllnes is additionally dlsplaced towards tne
suctlon side due to the pressure rise. '

Fig:7 shows the 1ift Jumps of some SJmmetrlcal lamlnar pro—

- files. The symmetrical proflles of the enlarged NACA SJstematlcs
’already known from Fig.3 were agaln chosen as examples [E] - The -
values of the ord;nates were galned from the measured CL«x)~curves
by linear extrapolation from the straight. part of the curve towards
= 0., As is seen -1lift jumps of 40 fold the maximum value calculatzd
for‘the‘flat,Plate were me%sured'in extreme cases. Since, according
- %o the above mentioned facts they are'ohiefly caused by the thick-
ness of the turbulent boundary layer at the trailing edge, we had
to suppose from the very beglnnlng that the proflles with greatest
pressure rlse, i.e. with great thlcknes5989 show the. greatest 1if+

, Jumps° The flgure confirms thls behav1ouro With decreasing thlckness
of course, the 1nfluence of the backward position of thickness must
decrease, too, until it vanishes completely at the thickness 0.

This behaviour is shown in Fig. 7 the slope of the curves decreases
w1th decreasing thickness.
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4o 133 The Shapes of the 1ift Curveso'

~ Not onlJ the 1ift jump . 1s 1mportant, 1°eo the dlfference of
x ordlnates between the’ two stralght branches of the C &x)—curve
. running parallel to each other, but the shape of the transition
‘» curve between the two branches is 1mportant, too. The discontinuous
tran31t10n from the lower to the upper branch shown :Ln.Flgas9 {a),
-can always ‘be realized art1f101a1¢y, say, by means of suitable
~dlsturb1ng wires. Without such & trick, however9 the tranaltlon

is contlnuous w1th1n a moré or less great range of CL

nlg°8~shows the four p0331ble tjnlcal shapes ‘of the uL—curves
.plotted against the angle of 1n01dence 1n the case of symmetrlcal
'5lam1nar profiles. o PR '

_ Case (a) is the usual casge for proflles with good laminar
‘ propertles; w1th1n a range about CL =0 the tran51t10n.p01nts malnly
~ lie in the rear part of the profile and do not move (as in Fig.4).
.Above a. certain CL-value the transition pOlnu on the suction side
beglns to mova forwardso As we can canclude Irom the above congi-
deratlons, this movement will cont;nuously cause infinjitesimal lliT
~* jumps, i.e. a decrease of dC /dou Only when the transition point on _
 the suction side has reached 1ts final p031tlon with farther increass
of the angle of 1n01dence, ac /dix will again inerease to its usual
.values In cases with great annle of the trailing edge (1°eu great
ethlckness and great backward p031t10n of thlckness) the boundary
1ayer at the tralllng edge already becomes so thick during the for»
 ward. movement of the transition point that the increase of 1ift is
u overcompensated by the iifcrease of the angle- of 1nc1dence, and
"dCL/d.a becones negatlve° This con51derably more unfavourable case
. is renresented by curve (n) of Fig.8. It is near at hand and was
successfully tried to avoid thls .case by sucking off the boundary
, layer at the rear part of the proflle [ZJo Case (b) could be trans-
ferred to case (a) already with a relatively small sucked quantity. .
Thus not only negatlve dcC /Hxx is obv1ously av01ded, but the 1if{
jump AC 1s decreased, tooo_ B .

A

Contrary to (a) and (b) the cases (c) and(d) of F1g08 oceur
,'when the counter-movements of the tran31t10n p01nts already begin
with zero angle of incidence. This is the case for the laminar
~'prbfilesfwith relatively thick nogesgrfor'instance with all pro- .
files of Fig°7 which have the nose coefficient 1.1, whereas the
profiles with the nose coefficient 0.825 al:eadyybeIOng to type (a)

-



- 10 -

or (b), respectively (d) occurs instead of (¢) in the same cases
as (b) instead of (a). Only the two thickest profiles of Fig.7
w1th a backward p051t10n of thickness of 50 per cent. are asso-
' c1ated to type (d)o '

. They NOHld probablj be 1mproved by suction, too. Improvements
could also be shown by artificial reduction of the angle of the

tralllng edge b] means of hollow profile flanks at the rean,part
[8 26} . IR

4,14 Influence of the Position of the Trahsition Point on the
A Aerodynamic Centre and the Neutral Point. '

\  The above dlscussed 1rregular1tles of the 1ift curves nust

- at the same time produce 1rregular1tles in the curves of moments.
HereSI howeverﬂ the 1n4luence of the displacement of the tran31t10n
p01nt on the position of the aerodynamio centre has still to be
_Qonsmderedo If €ufo the transltlon point advances on. the upper side
of the profile with positive angle of incidence losses of sub~
pressure will résult in the rear part of the profile by the rela~
'tively great thickness of displacement. The point of attack of the
resultant .1ift force is thus displaced forwards, in other words:
J§ymmétrical’profiles with no fixed transition points have no fixed
aerodynamicfcentres either. In spite of this;the pressure points
of symmetrical standard‘profiles with their slight movements of
the transition points can be practically considered as constant.
Thisg is not the case, however, for laminar profiles. Let us choose
as extreme case. The movement of profiles with -the 1lift curve of
theitype of,FigOB'(d), for instance, is only zero for central pas-—
sing of the zero point, while a finite negative or positive diving
mnmenﬁ,,fespeétively, exists for left or right passing of the zero
point; For reasons of symmetry both diving moments bave the same
émounto'They can assume ccnsiderable values: The two profiles in

' Fig.7 with 1ift curves of the typeIB'(d)v(ndse coefficient 1.1 and
backward displacement of thickness of 50 per gent.) have coeffi-
bienfs of diving moment of 0. 07 for 18 per cent. thickness and

0. 04 for 15 per cent. thickness Eﬂ

‘On account of. thls influence of the p031t10n of the tran31~
tion p01nt on the curve of moments it sugg ests itself %o develop'
Vprqflles for which theoretically, i.e. when.neglectlng the friction
- layer, the movement of the aerodynamic centre is just opposite to
4he infinavrne af the disvizcement of the tyansition vpoint. so that
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a bal ancing e;feCu can be obtzine d in the averuge wltnln a given-

CL--range° "Tor such 1nveat1~atlons We h ve to take into consideration,

of course, that, for practical flight conditions the R—nambef‘of tne

- aerofolil depends on the CL—valu.eo Developuents in this direction
‘have not become known so far. The dis splacement of the transition

p01nu 1nf1uences also the position of the neutral p01nt ‘The neutral

' - point is that n01nt of -an aerofoil nroflle whlch chosen as . p01nt

K

.
*

 of reference of monents, causes the swallest possible change of ths

Lonent COfolClenu'dlth ne lift coef;1c1ent -The TustunN—proflle

;seems to have passed a development with t he aim of constant pogi~

,tion of the neutral point [Blo Accoru:l.nu to measurlng results this

' favourable property of the Mustang-profile ‘nolonger prevails when
: the hollow flanks in the rear pari of the proflle are filled up

until a stralght snane is obtalpedg AT the same time thls increase
of the angle of the trdllln” edge_;ﬂvolveg an 1ncreese of the 1lifs
Jump AC DG] T T P . g S

t

4015 Influenoe of tne ?e"nolds NuLber on the P031t10n of the
' Tran31t10n Toint. e

) The test results ulth Jlaminar nroflle 'considered so far wera
gained from wind-tunnel tests with R-numbers from 2 to 3:(106 The
dec131ve queotlon is now how these laminar proflles ‘behave for
R~numbers of practlcal fllght whlch are hlvher by about a power of
tenth order. LT .

The well-&nown tneory of smallidlsturbances (compare B 3) yield:
the SuabllltJ llnlt for a nroflle ﬂlth 1am1nar boundary layers t0
be a certain R-number which depends on the shape of this profile.
-Below thls critical R-number small disturbances are always damped,

above 1t dlsturbances within certain ranges of freauenCJ nigat be

»exc;tedo The actual transition- point, hoaever,.w1ll often still

occur at a R-number which is many times the R-nuamber characterized
bj the limit of Stabllltjq On the other hand no cases are known so
far where the transition p01nt measured is below the limit of sta-—
- bility so that the latter can be considered to be the loweSu limit
‘of .the. R-number for the ‘position of, the transition point. It would
be desirable to obtain a. relatlon betaeen the actual p031t10ns of

" the tran31t10n p01nts and the parameters of 3501tat10n given by

“theory by means of systematic extensive measurements of profiles wit
critical boundary layers made in a flow with lowest possible tur-
bulence and by comparing the results.with thecry. Thus it would he
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possible to predict the positions of ﬁhe‘transition points for any
proflle at any angle of 1n01dence and for: anj R—number, w1thout
'measurementso .

: Measurements w1th R~numbers of the order of ZOX106 were made
5on two profiles only. N R .f o

One is a symmetrlcal Joukows k i~ proflle of 15 per cent. -
.thlc&ness and a backward p051t10n of thickness of 60 per cento[?ﬂ
It showed a very favourable pressure distribution. The measurement
in the great wind-tunnel of Vilkenrode yielded an increase of thev
drag coefficient beglnnlng at about R = 5x106 and thg CD—value
. of standard profiles was already reached at R = 10x10". In the same
-"way as this CD—value wag adapted to that of standard profiles, the

1ift curve was smoothed, i.e. the 1lift jump was reduced. Both meéans
1'1nv01ve anadvance of‘the traa51t10n poznt in the forward part of
the profile.

A t

ThP other proflle measured. for 31m11ar R—numbers is the so-
called "Russian laminar profile” [2i](12 per cent. thickness, 50
_ber-cento backward posiﬁion of‘thieknessvand eaﬁber,~1 per cenﬁ;‘
_camber, nose coefficient 0.21), From the pressure distribution and
the calculation of stability [17] cen be seen that it is .inferior
to the above-mentioned -J o uk o w s k¥ i — profile with respect
_ to the laminar propeftiesﬁ nevertheless it was measured, 51nce a
Rusolan measurement was said to have stated good laminar propertles
even at R = T8x10 (C = 0, 003) This Russian test result, however,
could neither be conflrmed in the w1nd—$unnel at Gottingen nor at .

‘ Volkenrodeo Increases of the CD-values of similar order of magni~—
tude snd within the similar range of R-numbers as for the Joukowekm~
profile resulted from these measurementsu}" '

. The 1nfluence of‘the degree of turbulence Whlch is about the -
same for the w1nd—tunnel.of‘Gott1ngen and Vélkenrode remains still
unknown in the case of these measurementsolﬁ{]o This influence can
only 'be specified by measurlng the same 1am1nar profiles in the |
tunnels and for comparison in free fllght or in a- non—turbulent
airstream. Such measurements were not made S0 far in Germany. We
can nat answer the decisive question if suitable laminar profiles -
can be realized for R-numbers of modern asroplanes. -

L s
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4,16 Maintehance of the laminar Conditions by means of the Shépe
of the Aerofoil. '

We have gso far discugsed the malntenance of lamlnar condltlons
by means of a suitabls ehsice of the aerofoil praflleg In prlnclple,
however, it is also. pcssible to obtain laminar effects by using
gpecial shapes of the aerefeil 1tself whereas the usual profile is
kept. ' : R - I

- An éxampie is given.by'the'corrugated sheet aerofoil as is
shown in Fig.9. The profile of thé-aerofoil is the same in each
section., The angle ofiincidence of the profile, however, changes
in spanwise direction according to a sine curvé,-where the single
profiles are turned about the nose as axis.The design of this
aerof01l was based on the idea that material of the boundary layer
will flow from the crests into the troughs on hoth sides. 293?
downward flow has a similar effect as a suction (compare 4.2) has
on the residual boundary layer on the crests, ieee it will probab-
ly cause & longer maintenance of the laminar conditions. On the
other hand the turbulen® boundary layer in the troughs is. thickvenei
by the downward flow. On the crests as well as in the troughs,
therefore, we can expect the reduction of the resistance of the
boundary layer., Though the test resultis l?f] confirmed these re-
flections in principle, no resistance was saved as compared with
the non-corrugated sheet-aerofoil of comparison since the fric—

._ tional surface is increaged owing to the corrugatéd sheet, on the

" other hand the drag curve along the span reached its maximum values
- Just at those points, to which the above reflections do not refer,
namely at the zero points of the sinusoidal trailing edge-curve.

A leminar effect ceﬁld also be stated qualitively forswept—

- 'baek aerofoils as compared with non~swept-back aerofoils of the

same profile [6, 24.]o Aceording to the test results this effect

-is probably not due to *he moment of the material of the boundary
layer from the root towards the tip; but it will be caused by the
decrease of the' super-velocities due to the sweep~back,
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. Fig.2: Comparison of the pressure distribution of the profile
.. NACA 0010 (bvackward position of thickness 30 per cent.)
" with that of a laninar profile of the same thickness and
8 backward position of thickness of 50 .per cent.
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4,2 Maintenance of the Laminar Conditioné.by'Suction.i

"By HOHolsteln,.

h4 21 aurvey and leltat10n°

As was shown in the preceding sectlon, the problem to ootaln
laminar conditions by a suitable choice of the body shape leads‘
%o considerable alteratlons as agalnst the usual shapes.

Due ‘to these changes other aerodynamlc propertles wers :
‘necessarlly deteriorated at least when these bodles, as for in-
stance the aerofoil profile, had reached a high state of develop- .
"mentq It is therefore important to ‘have other means, too, which )
Enaple‘us to méiﬁkain the laminar condltlons without requiring
chaﬁges of the shape; Such a means is glven bg the suction of
,parts of the boundary 'Layer° S - .; ,, , _f> 

“There is a double effect of the suction on ‘the boundary '

"3layer, Flrst: the boundary layer is reduced. in size - ‘by taking away .

flow material._Thusfevery Rejnolds-number formed by means of a .

- boundary layer parameter, for instance the thickness of displace-

meﬁf; is artificially reduced, too;,Secondly: the shape of the

- bbundary layer is also .altered,for, due to' suction those layers

, .are removed which- are nearest the wall i.e. which are most consider--

. ably breked, and the profile of the boundary layer becomes more

| convexo‘Both'alterations,‘the reduction,of\Reynolds number as well

- as the change of the shape at the boundary 1ayer'prpfile have a

stabilising influence.according to the results of the stability

1a,théory‘for laminar ‘boundary layers (compare B 3). Thus the suction
geems to be prom131ng to keep laminar condltlonsa ' ’

. The suction can be so great that 1t 1nf1uences the pressure
fglven by the potential flow by producing-a partlcular field of
- sinks. This would be an additional -favourable effect for the sta~
',;bilizatlon of .the boundary layer as is ea31ly seen. For the nre- '
- sent purpose, however, such intense suctlons do. not prove fa-
"*vourable,‘therefore, they will not be discussed here.

! }4.22 Formulations of Notions and Evaluation Formulae.

When using suction the problem of possgible crainé in pro- |
“pulsive power is not so easy to survey as when using. suitable “
shapes of the body in order to keep leminar conditions; for, suc-
tion generallg consure s power and thla,musi be taken into con-~
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‘gideration when draw1n5 the final power balance. horeover the
sucked air must be blown out again and this will generally require
additional acceleration power. In the case of suction, thereforé9
the drag coefficient CD is replaced by the so-called coefficient
of profile efficiency'cperf as characteristic quantity for the
- calculation of the propulsive power. For a long Hime it has usually
been indicated in the form [28] '

Coere, = Cp * 2; Son (1-cpn) o (1)

- . —

Vhere n is the number of suctlon slots and CQn'is the coefficient
of the quantltv sucked through the slot n mide non~dimensional

by the ve1001tJ of the incident flow and a suitable surface of the
body (for aerofoils the supporting surface) C n denotes the over-
pressure in the auctlon chamber associated to slot n as against
the undlsturbed static pressure. It is referred to the undisturbed
dynemic pressure. Formula (1) is basedbn the following suppositions:

&1)‘Hydnaulic losses in the suction and blowing off pipes can be
‘neglected. o ’ |

'2) Propulsion-, suction- and blowing off unit have the same
efficigney.

3)-The air is blown out at flying speed and at a point of un~-
disturbed static pressure. | '

. Moreover the definition of the drag coefficient C in the ibove

‘vformula is important: it is the value resulting from the depressiocn -
.of the momentum curve bthind the aerofoil without blowing out. It

vanishes for instance, when the whole turbulent boundary layer is

sucked at the trailing edge whereas the drag coefficient resulting
from the integral of the shearing stress and the pressure distri-

“bution would naturally not vanish. The difference between the two

- is called "sink resistance". V

In all cases in which we try to save propulsive power it is
therefore not sufficient according to thévabove facts to .keep the
boundary layer laminar by means of suction, Besides the associate
power percentages nust remaiﬂ so small that we obtain a consider-
able advantage as compared with the aerofoil without suction when %
_these values are taken intoAconsideration according to formula (1),

The pressure coefficient obviously depends on the outside
pressure at the suction slot as well as on the geometry of all
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parts between the outer contour end the suction chamber. which are .

/passed by the sucked material., It could be proved in & seriea of

tests with different arrangements and widths of the slots [32]
that it is always possible within the range of the relatively
small suction guantities used for the purpose in question to keep

_.the pressure in. the_ suction.chamber equal to the outside pressure

by suitdhle construction. These tests were made on a flat plata

"and, strietly speaking are only valid for the boundary layer pro-

file of the flat plate according tc B 1l a s i u 8 . No remarkgble
alterations of these test results, however, will be expected for

Jlaminar boundary layer proflles in ghe pressure drop or pressure

. rise, .if these proflles do not differ too much from Blasius' pro-

~ .file. The pressure coefficient C_, therefore, can be taken with

suff101ent approximation from the outside pressure in the case of

'aerof01ls if the parts passed by the flows are well de31gned as to

'their hydraulic properties,

We can . thus make relatlvely gpllable predictions on the |

: amount ‘of the pressure coefficient required, this is, however,

much more difficult concerning the volume coefficient. |

In practice a certain part of the profile chord will general-
ly be given along which the laminar conditions shall be kept by w

isu.ctlon° - ' ‘,’-

- This part can be provided either wlthhany or few slots. In
the latter case relatively greater volumes must of course be
sucked by each slot. The question will then be: in what case is

- the coefficient of the total suction volume smaller

4

. ,‘ . i :'_‘ '_v\ ‘ CQ = nZ CQn_ o o . \. (2)

-

~ The few tests so far available on'the laminar conditions kept by

suction seem to indicate that the main difficulty is not to keep
the flow laminar but to keep the required suctlon volumes smell

'enough._

- In order to élear these probleﬁS'let us again discuss the

 flat plate which at the same time will enable us to consider the
- test results to be dealt with later on critically and to avoid
mistakes when judging future tests. Let us already mention here

that the pressure coefficient for the flat plate can always be

-put equal to zero accordlnb to the above test results. Ccns:l.d.eric.nfr

(2) the formula (1) for the flat plate is thus 31mp11fled to

Coere. = +t Gy - | . (3)



4.23 Theoretical Reflections on the Flat Plate.
4231 An.Approx1mat10n Formula for Suction at the Flat Plate.

_ Let ue gonsider a flat plate in parallel flow according to
Fig,1° The velocity of the incident flow be U ot and the chord of

" the plate L . Let the laminar boundary layer reach its critical

.- thickness of displacement éicrltq at the point X crit. where the
transition takes place° Here a suction slot will be arranged throubn
which a volume Qn'ls sucked from the ‘boundary layer and thus the
gransition will be prevented at this p01ntg After suction - which
makes the thickness of displacement decrease, the latter will in-
cfease again until it reaches the value 51crit° again at a
distance d behind the first auction slot. Here a new suction slot
will be arranged, and the volume Qh_W1ll be sucked again. This
-method will be continued as far as the trailing edge of the plate.

Let thus arise n slots. Then the chord 1 can be written as:
r . - - . ) - . \ ) .

T 8
-Qhefeas : | , f

”holds for the coefflclent of the sucked volume CQ accordlng to the 
definltlonso

In order to c¢onsider the condltlons of the suction slot 1t~
self we choose the simplest arrangement from the theoretical point
of view as given in FPig.2. The slot is overlapped and the rear
slot lap is infinitely thin and parallel’to the flat plaﬁe° By
-sultable balancing the height of overlapplng Y and the suction
volune Q ~that the incident becomes symme+rlcal in flow. Let the
_v31001ty at the height Y be ug e ~ |

- For 51mp11ficat10n of the calculatlon we assume after Blasius -
-the laminar velocity profile of the flat plate (dashed line in
Fig.2) to be replaced by a‘trlangular profile" of equal skin
- friction stress. (Fig.2). :

, For such‘a profile we then ohﬁiously have?

‘ U o
(33) =;-2_3, N )
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~ Whereas the velocity gradient at the wall is given due to Blasius
. by' ( . . . ;',' . . . .

T ey
(ay) =0 ijUo Yok (k=0.332) - (7)

which alsoe holds in the preéent case aécording to the presupposi-
tion. From (6) and (7) result the thickness of dlsplacement d

1
and the height of overlapplng Y :
8wl = e (8
1 Uo R
. -')\v - - oy RS .
- | Ys,-- xﬁrlt" C "(9)7,

Two further relatlons can be takenAfrom FlgoZ. The suvcked volume

Qﬁ is

and the reductlon;‘dé of the thlckness of dlsplacement due to
ﬂsuctlon can be taken ;rom. - - -

'g -Z\é1 =U Y, -Q “ . ' B '.(1.1)

'Now we need a suppésition on the re-~increase of the thicknesa

of dispiacement reduced by suction, behind the sloto'ohviously
the ~velocity U at the border of the boundary layer as well as
the velocity u at the overlapping height (compare Fig.2) in~
fluence the value of this increase. These facts suggest the fol-
lowing approximate supposition: The thickness of displacement '
increases after suction as on the leading edge nf a flat plate
with a mean v31001ty of its incident flow of O. 5 (U +u ). With
this supposition we have, analogous to (8), for the 1ncrease

Ad (x) after the suction as far as a point X between the first |
and‘the second suction slot -

| .'Ast(x) = 211: V

According to the presupp031tlons (compare Fig.1) made on the ,
‘suction, the thickness of displacement at the second slot, ila.e,

v (xXoris,) . (12)

os(U +u.)..

-

+



' ffresultlng from (12),for the speclal case x-x

expression

Bl

vat X ”’xcrit + d Wlll be equal to that dlrectly in front of the'
.. =
_flrst slotOEMnsnmansg however, that the 1ncrease,A<5 (x) at this

point must be equal to the decrease A<§ glven by (11)o Hence the

A}
%

. 14 V. g SRR AR
Aé,.;_j VOB(U o B CEV

crlt —‘d.ean be‘ina‘
serted in (11) forudé - Then Y_ and u " can be eliminated by
means of (9) and (10) and accordzng to (5) . the coefficient of

| the sucked volume CQ can be introduced 1nstead of Qn, If the numocer
 of slots n is eliminated, too, 1Q<thls new equation by means of (4)
" and if we introduce.the;abbreviatione’

L ) U, Xopmit g e
e T e = Ri "‘__‘7"'-"‘“" .= R’C\I’ito" A = Rd. (14)
_ LRQ?:,LJ%/‘RQ =2(a); g—=—=2 (15

we flnally obtain

’ 2 k. f( ) (.V—ﬁ z f(z; ) (1+.V2 k 3z f(z) ) -~ 1 =AO o i'(iS)

It represents the requlred dependence of the coeff1c1ents of the

", sucked volumes C. on the R~numbers deflned_by _(14)9

e

. . Q R . .
4 232 Dlscu331on of the Approx1matlon Formula (16)°

;w'” The value z occuring in - (16) obv1oule is the- ratlo' of the
slot distance to the ruaning length of the laminar flow. Therefare

.z can vary within the range O» £ 1 only. The limiting case .
'z = 1 exists when the distance of the slots has its maxinum value.
In this case the whole bound y layer is sucked and we obtain from
(16) . | ; " o |

f(z_‘l) "‘u'jg"‘ 105060 . e : | (17)

The other llmlting case (z = O) is under discussion when the slots

- are arranged at infinitely Small'distan_ces° In this case of the

so—called continuous suctiom we otitain from (16)
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fla=o) “7E = O3 . (19)
i,e. just half the valueof the limiting case (17). The curve of
.f(2z) between these two limiting values is represented in F1g¢3o
It shows a curve w1th increasing slope. =

, " Since approxlmatlve eupposltlons.the.adﬁiesibility'of which
is not quite clear were made for the deduction of f£(z), it seems
. first to be necessary to discuss the curve glven by f(Z)o

i

The llmlting case (18? of the contlnuous suctlon of: the
boundary. layer on ‘the flat plate can. also be exactly calculated
from Prandtl's equation of the boundary layera (Compare {301).

. The exact solution gives the numerlcal value O. 664, instead -of

(18) hence satisfactory agreemen,to On the other hand the increasing
slope from its value at z = 0 given by,(18) can also be understood
immediateiyp Acgording‘to supp091tlons the - boondary layers direct-
lyabehind the slot are always smaller in the case of great slot
distances. Small boundary layers, however9 growomore qulckly along
a certain dlstance than great boundary layers. If a given slot
distance is increased, the increage of the boundary layer thick-
ness and with it of tne suction volume required is the greater,
the greater the . given distance of the SlOtSa Thus the initial
point and the 1ﬂcrea31ng slope of the curve gzven by Fig.3 are
ensured, As to the value at the other polnt z =1 given by (17),
the approximative supposltloq (12) on the 1pcrease of the thick- -
.mess of displacement behind the slot obviously becomes quite cor-
rect for the "trlangular" boundary layer; for the “whole boundary
layer is ‘sucked 1n thls case and thus usp U - Hence the boundary
layer beglns behlnd the slot just as at the 1eading edge of a
flat plate with a velocity U, of the incident flow. Here an error
is involved only by the‘fact that the Blasius boundarJ layer
brofile was replaced on the flat plate by a triangular profile of
-equal skln.frlctlon stresso As ‘is ea31ly seen with Blasius' pro-
file by graphlcal lntegratlon, ‘the suction -given by (17) covering
’the whole boundary layer profile corresponds’ to a suction on Bla-
~sius' profile as far as a velocity of about u, = 0.85 U'o Hence

a small thickness of displacement would be left in thls case be-
hind the suction slot. If we. wanted, however, to suck the boundary
}lajer oompletely, an 1nf1n1tely great suction volume would be
required according %o Blasius owzng to the mere aSJmptotlcal tran-
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sition into the frictionless' flow. As against the suction as far
_:as‘Us = 0.85 Uo the slot distance, however, would thus increase by
-4 per cent. only, ascan easily confirmed by calculation. Hence the
_curve of Fig.3 gained by means of Blasius' profile would have a
vertical tangent at z =1 and the value given by (17) would be
_ already reached at about z = 0.99. The difference between both
curves is practically. unlmportanto Hence the ayproximatlon for-
mula (16) seems to be sufficiently reliable.

~ Let us now investigate the important problem concerning the
~-dependence of the coefficient of the suction voluﬁe on the R-
~ number w1tn‘the help of the formula. This can ‘be done by means
- of Fig.4 where VRcr1t . quls plotted sgainst R/Rcrlt for 4if-
:ferent ‘parameters R /R'rlt or R /R respectlvelj. If Ropngg,s ie€0
~that R—number for which the tran31t10n would take place‘w1thout e

'-;*suetlon, is con81dered as constanj this dlagram directly 1ndlcatee
’ 7the dependence of the volume coefflclent on.the R-number.

. ‘Along the full llnes R /Rcrlt;'“ z is the ‘constant parameter,
‘~the final values O and 1 as well as the value 0.75 belng chosen

h correspondlns to a line lying about thée middle of the two other,
The rise of the curves with increasing abséissa from'cQ =0 is
caused by the fact that a continuously greater portion of the plate
is bfovided with suction. The limiting valuesd for infinitely great-

abscissa are marked by circles. When assuming the R-number only

~ - to be increased by the increase of the chord 1, these curves are-

valid for a fixed slot dlstance d. Hence they give ‘the progress
’of the volume coefficient when the rear part of the plate is con~

- tinuously enlarged piece by plece» If the chord, however, is kept

constant and the velocity of the incident flow U, increases, the
slot dlstance d, at fixed R t', had to be varled proportlonal e
k 41/U , if the curves shall remaln valid, ‘

The dashe& curves of Tig.4 hold for flxed values of the para-

meter Rd7R° Tne product of parameter and abscisya is’R /R = Z,

crit,.

- hence at most egual %o unity. These curves must therefore end at .

abscissae  which are e&ual to0 the rec1procal value of their para-
" meters. lioreover they end on the upper of the full curves above
" discussed which holds for z = 1., When assuming the abscissa to be

j -increased by the increase of the chord -1, the ,slot distance will

also increase Hr0pdrtional tc 1 along these dashed curves, hence
thev glve the variation of the wvolume coefficient with similar
. enlargement of the model. If, on the other hand, we 1ncrease the
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abaaiss&vby increasing +the veloclty of the 1ncldent flow and we
keep the chord 1 constant, the slot digtance d will also remain
constant with these curves. Hence they also glve the variation

" of the coefficient of the suction volume necessary for keeping

~ the laminar conditions for a given model whose velocity of in—

cidenx flow is increased. | ' ‘

‘ ‘As is seen from these statements, the dependence of the
.volume coefficient on the R-number is manifold and we can survey
‘it only after intrbduéing further conditio’na° The coefficient of
suction volume will generally increase with the R-number if guick -
»decrease of the slot dlstance with increasing R-number is not
".assumed as partlcular condition. This is a disadvantage growing
‘with great R-numbers; since as is known the drag coefflclent w1th~
_out suctlon.decreases w1th increasing R—numbera '

-

: The numher of slots n can be calculated in any case from
Eq (4) which can be easily changed into . the form ‘

e A . ; B’/Rcrlto -1 -,
e 5 L e

- —-74; 1 "'7@?‘“‘” .
n. ( erit, ) =

The fonmer squatlon can be sultably used for the full curves and
the latter for the dashed curves of Fig.4. For a-better survey
curves of constant numbers of slots n were not drawn in Fig.d.

. After the volume coefficient i5 given by formula (16) ar
1F1g°3, re9pect1vely, the power coefficient C can also be

perfa
~rcalculated by means of Eq.(3).

" As in section 4.1 Ch Jam.—turb, 0e the drag coefficient of a
flat plate without suction with a transition point correspondlng
to Rcr1t°° As agalnst such a plate the Telative saving of pro-
‘pulsive power whlch results from keeping the laminar conditions from
the above transition point up to the trailing edge by means of
suction is then obviously. i ‘ ' o

_ ‘T/;;' 1 ‘_»-_; Perfo - al ‘ ” >
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, Thls, however, is only the case for very high

,_27__ .

It can be easily. taken from Figs;S and 6 for R-rumbérs between

106 and 100)(106 With respect. to the parameters Fig.5 corresponds.
to the dashed curves and Fig.6 to the full curves of Fig.4 As
is s%en all the curves have mlnlma which correspond to the greatest |
posgsible sav1ngs of propulsive powern At R-numbers above these
minima the increase of the coefficient of suction volume together
w1th the decrease of the drag coefficient without suctlonroauses
again 2 decrease of the power savings. For sufflclenfly\great
R-numbers, therefore, the. curves of Flg,S increase beyond unity.
Eﬁumbers which are
not yet of 1nyxerest in: practloe n,owadays° The, ends of the curves
- of F1g°6 again correspond to the suction as far as the 85 per cent.
llmlt of the velocity of Blasius® boundary laJer proflleo According
" %o’ the above considerations we have normal tangents and hence poles
of the curves. For a de31gn.1t is of course important already to
take into consideration that suction will never occur in the range
of such poles evenvat_the highest'R—numher in question.,

'

4 24 The Tests Carrled out so_far. - f‘_

Three dlfferent w1nd—tunnel tests were made 1n.Germany con»

'cernlng the problem.of keeplng the boundary layer laminar by means

of suction. : .. - e AR

The first [291/was made on a symmetrical v.Kdrmén~Trefftz-
proflle of 15 per cent, thickness. and e backward position of thick-
neass of 33 per cent. On both sides-10 suction slots each with

" rounded slot edges ‘were arranged over the whole sgan at equal

-

". distances. The R—number for this test was 1.6 x10 , Material of the

. boundary 1ayer was sucked with the most various combinations of
these slots, and at the same time it was tried to find out the most
favourable ‘slot" arrangements and the correspondlng suction volumes
by means of drag measurements in the wake and of checking measure-

.ii ments of the boundary layer. The slots not used for suction were
‘ "'always pasted over. Only at the beginning of the measurement all .
the slots were “plastered in order to hava'a cOmpletely smooth sur-

face for the comparlson measurement on the aerofoil without slots.
We saw that” the laminar running length could be extended, suction
-began before transitlon point. The laminar conditions could thus

Q be kept along more than 90 per cent. of the wing chord. For the
. best of the combinations which could be taken from the measurements
.-~ we stated a reduction of resistance of 48 per cent. as against the

™~
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" aeTrofoil without slots. The additional power of the blower ac—
“cording to formula (1) still give a saving of 32 per cent. in the
. coefficient of the propulsive. power Cpérfg° If suction first begaﬁ

behlnd the beginning of the transition zone, the lamlnar condi-

tions could no longer be kept in splte of greatest suction,

The positive result of this test was followed by a series of

‘ theoretlcal papers on continuous suction of the laminar boundary

._layer and by corresponding calculatlons of stability. They" w111 be.”
the. sukgect of section 3.2 of thls monograph, '

furthe” suctlon test was made with a profile NAC&/64 [3ﬂ

. This test almed too, at finding out the most favourable combina~-

tion of the many avallable suction slots by a try m.ethogo The.
}R—number was -twice that of the first test, hence 3.2x10°, With

" - symmetrical incident flow the laminar conditions could also he

ikept along more than 90 per cent; of the chord, and for suction
;Qn both sides we obtained at best a reduction of drag of 60 per
éentq of the value for the aerofoil with. closed slots. According
to the above'refléctions, considerable savings of propulsive power
' 'still existed on the flat plate for .the suction of Blasiuys' pro-

~ file as far as a velocity of 85 pef cent: of the potentiél velo~
city (compare F1g°6) whereas a.further suction seemed %o be

- nugatory, since it did not cause any exten51on of theiamlnar'

- running length. This, however, needs not be.contradictory to the

test result just mentioned; for; on the one hand, - the power con-
ditions for the flat plate are more favourable than for the aero-
'f011, with the latter the pressure coefficient C in Eq. (1), but
' assumes a finite negatlve value varylng accordlng to the position
of the ‘suction slot. On the other hand the sink effect was not
taken into consideration in theé case of the flat plate. Such an
- effect, however, exists for strong suctlon and influences the

; developmbnt of the boundary layer behind the- suc tion slot by

-mbans of its pressure field in a favourable way; thus an extension
of the laminar running length will-result from the increase of
suction beyond the limit of 85 per cent. This extemsion, of course,
is not profitable, since.it requires too greatvsucfion.volumesb '

- This case was probably‘given for one or more of the 6 suction slois
- which are open in the measured optimum combination. Supposing this
- we find the above-mentioned facts to be confirmed that in all cases
with considerable savings of propulsive power the suctions have
to be so small that we need not tgke into consideration the sink



eftecé. MorédVar the tests showed thet in the measured optimum
-cage the laminar conditlons were no lonﬁer kept when increasing
- the R-number beyond 3o ZX106 even if the suction volumes through

. the open slots were increased to the utmost.” Hence we see that'thé

. -asink effect, if supposed to take part .in keeping the laminar con-

. >

* ditions is only small and that the above discussed test was
actually carried out near one of the power peaks (belng 1nf1n1te~
‘ly hlgh in reallty) of the curves in Pig.6.

According to these explanatlons it is clear in what dlrectlon
we can find 1mprovements of this test results: The dlstance between
the slots must be-reduced so far hJ multzlelng the number of slots
" that it is_beyond the above mentloned performance peaks of F1g06.

- The ;dea suggests itself to_avoia-the.occurrlng techglcal
. difficulties by choosing no longitudinal slots along the span but
by choosing sufficiently perforated surfaces. The latter method

2 wais applied in a third suction test which was made on & perforated

©'flat plate Bj] The holes had a 31ze of 10 mm in spanwise direc~
tion and of 2 mm in chordwise dlrectlono Their distance in flow )
direction amounted to 4 mm. These. measurements were also UNSUCCE S5~
"ful. The laﬁinar conditions could dnly be Kept by relatively great
-suéfion ﬁolames so that no savings of proyulsive power resulted.
'We'suppose that the sharp edges of the slots involve digturbing
effects whlch act as far as the stagnation p01nt aclslng there by
suctlon is located downstream the rear edge of the slot; for onlJ

" then both slot edges are not in the outer flow of the suction

. material. Then the sharp edges do not longer cause disturbances

.0f the outer flow. This would first be the case for the chosen
klnd of perforatlon for suction volunes whlch are by far too greai
. in oqrder to allow savings of propu151ve power as compared with the
-'non-perforated flat plateo There ‘are obviously two p0331b111tles

. to improve this arrangement; either. the sharp ¢ dges of the slots
are av01ded.by su;tahle.punched holes or the widths of the slots
‘are essentially reduced so that the total suction volume remains
"small, though the suction througﬁ a ainglé slot is so great that
{the just discussed favourable backward p051t10n of the stagnation

yoint is ob*ained for each sloto S
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‘4;3."Influence of Surfaga.Conditions on the’Transiticn Point.

R ByNHoHolsteino - ~Q
- 4.31 Geperal Reguirements for Similitude in.the Case of Bodies
~ with Surfaces which are not Smooth everywhere. ' ‘ -

If there 15 geometrlcal similitude between two bodies in fluw
) the gsurfaces of whloh are perfectly smooth everywhere the condi-
_ tion‘that : :

LR =R S (O S

'hés-the:same value_in both cases sufficesifor'guaranteeing a8Iro-
dynamical similitudeg’UO‘is the veldeity if the inmcident fiow, .
1 is a suitable length and v is the kinematic viscosity. If the
" -gurfaces of the two bodies in question, however, are no longer:
s perfectly smooth'everywhereg we can define a length k, 'Which is
vertical to the surface and denotes the maximum of the mean level
of disturbanceo Then the 5gometrlcal relatlon ' '

&, <3-> o T ¢:3]
- 1 R : L '
" will 8till be requlxed at least for aerodynamlc similicude9 é‘i'
is the thickness of dlsplabemento L . . ‘
( In the case of model test it will’ alwajs be p0851ble to
'A‘satisfy the condition (2); for we have only to choose a suitahble
. &rain size. The condition (1), however, will generally not be
_~-aatisf3.edn since either the dimensions of the model or the velo- «
. citiea of the incident flow do not reach the correspémding values
of the full scale construction., With model measurements we shall
be ~generally interested in having the transition point of the la=
- miner boundary layer at the same point as. in the case of the full
~ 'scale comstruction; for only then statements on the drag can be -
‘-'franaférred from the model measurement to the full scale conatruc-
.tion, In order to obtain this 31m111tude with respect ‘to the posi-
tian of the tran81t10n point, we have to compensate the stabilizing
: effect of a too small R-number formed according to formula (1) by
_increasing the relative level of disturbances. k/$ qu(z) has to

'bs changed 1n a sultable way intoe the 1nequality

=

| Q?fl gw ' o o
1 model ¥1 full scale cunstruction
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' Jhen forming R-numbers by means of the length in (3) and” of Epe
veloclty of the incident flaw U ~and the klnematlc v1sc031tyl
con31der1ng B o ’

i S

T, Y% T St
2 \1"='consto 9 __ - const. -v;; ‘ b
v - T ', AR . .

“~accord1ng to Prandtl s equatlon of the boundary layer we can wrlte

'i‘f (3) in the form

g'(;vﬁf)'model»‘“ ( Vif) full scale construbtion ' ,(4)
‘;where equallty only holds when the model and the full scale con-
-structidn have the same ‘size, On the other hand the left-hand side
- has to be chosen the greater as agalnst the rlght hand 31de, the
_smaller the model as compared with the full scale constructlono

_ When the model has to be 1nvest1gated at reduced ve1001ty
_formula (4) with fixed grain size k requires that the chord of the

- model has still to be reduced more con51derab1y than the v31001ty°_

- This is obviously qulte contrary to the requlrEments to be satis-

' fied ‘'when using models with perfectl; smooth surfaces (compare

‘formula (1)), Whether the model test is to be based on formula (1)
- oor. formula (4) in a given case will, accordlng to the above state..
’ments, depend on whether con31derable dlsplacements of the transi-
Fion point w111.be expected when passing from the model test to the
- full scale construction. If so, formula (4) will be preferred
-.owing to the great influence of the position of the transition

~ point on the resistance. In this case, for instance, model tests

;  on the influence of spray varnlsh of different *oughnesses (camous-
1age palnts), which are meant to be used for the full scale con~

etructlon, cannot be’ tramnsferred to realltj if they were made w1th ;

" about the same model sizes but at reduced velocities [40; 47]
.The same obviously holds for original aerofoils . ]}4, 45; 46] in
.the w1nd—tunnel ‘Here the’ sign of inequality of formula (4) would
- even have to be written in: the inverse sence. - In this case k .andl
a;e,equal fon the model and the full scale constructlon, hence
'enlyi"VG; remaine;on both sides of (4). All measurements, however,
remain reasonable if the transition point on the model is dis-

placed'forward SO far that no remarkable further forward motion can
... take place when passing to the full scale constructlon, for the

influence of roughness on the turbulent boundary layer is known to
* devend onlv verv slishilv on the Fenimbher.

°
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In wind-tunnels, of course, the deégrec of flow turbulence
~ influences the position of the tran31tlon point, oo, and it would
be p0391ble in principle to conpensate the lnfluence of a too
, small level of dlsturbance k' by a corresponu;ug turbulence of the
-w;nd-tunnel flow. The present state of knowledge is not sufficient

" for the qpplicatibn of this method. If we know the poeition of

~‘the1ransi‘_hion pointAforithe full_seale construction, the corres—

" ponding position of the transition point for the model can also
be obtained artificially by means of a\sufalclently sreat dlsmu%aAg
wire 1n the case of a model with taqo favourable surface condltlons.
Detalls will be glven in. one of the ;Olleﬂlnb sectlonso
4.32 . Theoretlcal Dropos:Ltlons for the Jetermlnatlon of the -

. Critical Level of Disturbance. - -

A Beyond'the indication of an inequeliLJ we'look'for'quantim
tative theoretical statements on the 1nf1uence of surface digturb-
‘ances on the position of the transition’ po:mt° ‘Here an hypothe31s

S on. the critical level of disturbance cannot be dlspensed w1th° A
Such an- hjpothe31s was puzf%y 3 chiller B@] : With respect
‘to its .configuration of streamlines a'suff1c1ently vigcous flow

* is known to behave similar to a potential fiow-though not quan~

tltatlvely but in so- far as. the streamllnes follow the contour

- of the oody everywhere without separatlons, whatever may be the\
shape of the bodyo Only at a certaln number '

= S, ] U .-.a ) ) . ) .
0

. Y o ‘ .

o where d is a length taken from the frontal area of the body,
conslderable vortlces begln to form. Wher 1ncreas1n6 this R—
number further on.they begin to detach and form a street of dlSﬁE%w’
‘ances behind - the bodya‘mhe correspondlng process takes place in a
small scale for bodies with disturbances on the surfaces~ and this

is the contents of: Schiller's hypothes:Lso olmllarly the crltlcal
R-number .

v' 1 k | ‘ - | R‘u‘k: | M f ,: » ; "_"";\ (5)

is then characterlstlc 1n thls case with a élven level of dls—
turbance k. uk is proportional to the veloc1ty in the boundary

layer at the dlstanve K from the wall 1mmedlate1y before the point
‘of disturbancea ’



Goldstein [7 investigated the relation

in detail, where

: ‘meahs'the so-called "yelocity of the skin friction". As is easily
spen, the relation (6) holds identically as far' as u_ is still

'  1n the llnear part of the laminar boundary layer profile. He found

 that (6) too, holds, with good, apnrox1mat10n for distances k from
the_wall outside the linear part, since the terms "of correction
"firSt are very small. We are'therefore allowed to follow Schiller's
_ hypoth831s and to choose the value R » to be calculated more’ con-
"venlently instead of Ruk as crltlcal R—number for surface dis-
turbances. In order to calculate the velocity of the skin frlctlon

¥ at any point of the body we can.for 1nstance make use of the

- well-known calculatlng method for laminar boundary layers according
'”Vto Pohlhauseno Thus according to T a n i’.{39]_Schiller’s hypothesis
_,ylelds the expllclt formula P . : :

B . e s CRY 0,75 ‘f '_’.- o
. k , o o ey \

S A(s) -V(2 +‘~) U - v o - (8)

T S Ao e R
The expre351on A has been 1ntroduced9 since it does not depend
on the R~number but on the contour of the body only. Here A is
T the well-known shape parameter of the laminar boundary layer ac-
cordlng to Pohlhausen, U the local veloclty, and s the evolutlon
‘along the contour beginning at the stagnatlon p01nt These qudn—
. tities are made non-dimensional by the velocity of the incident

flow. ‘or’ a suitable length, respectlvelyo

R if we enlarge’ the left—hand gide of (7) to’ Rk/R and. multlply
Eq°(7) by Vﬁ' we obtaln . -

} Lo - 0,25 S
o R“.R“-R T C )
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3ipce the first factor on the risht-haﬁd side is constant for a
. given point of the test tody uccording to Schi.ller and
. Tani, the left-hand side 4. (9) dECfcuubu Wil dudreawsing' e
ﬂ‘vomparlne (9) with the inequelity (4) whick nuldg without llmlta—
tlon, ve- see that tue two relatldua are in OOu ﬁucordanbua It ths --
tran31ulan points on tne nodel and ‘on the full abdle cothzuchon
- correspond to each otaer'tae luevel of dlSturOuu(e K Lo be bhOoaﬂ
—foq a model test ull*.ue'uaxen aow frou tae e%udul0u

. . : v . . ' -

k . ' o ) L; ‘ . | ‘ - : \ -. . /4 ‘ :v.‘
(=) model T gTd“) full scale construction 7'(1u)
R A EN e

thch'results’from (7) or (d) instead of from the inejuality (4);
(the deéreee of turbulence is dsoumod to ve zero) DR
v The quantluy a s U1ven by (8) is a measure of,loéal sensi-
t1v1ty of the behaviour of the lamlnar bouﬁdary layer to surfacé
4f13turbances, for dccordlnb tc I7) the admigsible level of distur-
_bance k is-greater, thc szaller .. in Pig.1 shows the curve of A(s)
for two examfleb viz, for the flat plate :nd for an éllipticai
&CJllnder of Lue,tnlcmnubg ratip 1:3 ia & flow oéralIOl‘td its :
' greater axis. Tne lauuur was chosen, sincé- tns calculatlon accordlgé
.40 Pohlna u s e Lo as JlreaJJ aval¢dnla for it [3&1 This
calculation had onlv to be Sonedhdt completed near the stagnation
 point. The abscissa 1is referred to half the.circumference in the-
<cabe of the cylindzr un 14 -50 the chord in the  case of “the plate. Ths
calculatlpn of 4 f31 the flat plate cannot be siuply made according.
N to (8) owing to btue ind ieterminate expression (A = 0, dU/ds = 0) in
*(8). The direct .ca “culdulon bJ peans of Blaszus' formula glves_

M )

'. " . * ‘ . r ' . N , —0.025 . . - . A".‘ k'. -
DR -emeRR S an
| AT (¥a11d for the. flat plata)
T Gomparlng (7) w1th (11) we obtaln - o :

R TR =:~‘v—_='°5"6, S N CE
T L ?/1' (valld for the flat plate)
JAAS is seen, the behav1our of A in both caseb of Flb°1 ls qult» d1f~
'ferent for small-values of s: whereas  the i-curve for the flat
plate shows an unllmlted rise- for. s—»O A reaches a maxizum value
at about s = 0:05 for the .elliptical cyllnderi then it drops to
Z8ro for's——0»~:obvidgsl§ due %o the sta.nation point. ie can ob-
wviously generslizs this result obtained for the wlliptical oylirder



- by saving: Aﬁy body with a stagnation point'inhfront has a point
 of greatest sensitivity to disturbances of the laminar boundary
layer on its upper as well as on its lower side. The sensitivity
chiefly decreases upstream this point due to the decrease of the

‘;_potentlal velocity towards the stagnation p01nt and downstream that

) point it decreases due to the increase of the boundary layer thick—
ness. As is,seen from the velocity dlstributlon.U(s) glven in
".Fig;1, the’ maximum sensitivity does not coincide with the maximum
.velocity, but is reached much earlier. As we can learn from the
comparison with the lxmltlng cage of the flat plate, the maximum
sensitivity assumes hlgher and hxgher values and moves towards
smaller ahsolssae the smaller the: thlcknesso

-

The measure of senslt1v1ty A can be determlned numerlcally
l,1n any case with given pressure dlstrlbutlon of the test body,
ybwhereas the second value Rk* required accordlng to Eq«(?) for the
:,calculatlon,of the admissible 1evel of dlsturbance, has to be
'-determlned by experlments0 ' '

4,33 Tests on Bodles with Surface Dlsturbanceso
4 331 Tests w1th Single Dlsturhanceso

| Tan {39] has carried out tests on a flat plate with

'h three dlsturblng wires of dlfferent thlckn.esseso He forms the mean.
. velue o M )
B =13
‘from hlS results of measuremento Let us give details of Tani'
fmeasurlng‘metnodo Thls instrument for measurlng the tran51tion

': i

f‘lpoint, a Pitot tube near the wall, was_arranged at a fixed distance

(700 mn) from the leading edge of the plate. A disturbing wire
'transverse to the -direction of flow along the surface of the plate
was subsequently arranged ét,different points in front of the
Pitot tube. The velocity of the incident flow was then increased
in each case as far as the total—pressure rise characterlzlng the
-transitlon was 1nd1cated by the Pitot tube.

This experimantal method only gives sufficient partlculars
‘of the behaviour of the laminar boundary layer as against surface
disturbances if the tran31t10n point keeps its’ p031tion for too,
"small a distuibance but advances suddenly to the disturbing point,
_when the éfficient level of disturbance is reached. If the transi-
tion point., however, acved gradually =uid u04$1nuouuly from ita
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original position towards the ledding'edge of the plate when

- tending to approach the eritical dlsturbance value, T ani's

“measurements waguld be inconplete: For in this case the numerlcal
;value Ré* ' 13 obtained bJ him holds cnl for the arbltrary posi~
tion of the 1nstrument for measuring the transition 001nt and wouli
vary w1th the pOalthH of the instrument. The latter fact really
seems to prove rléht according to measurements made by 3 ¢cher-
bart h- f}?]o Sbnerbartn used a fixed- alstance (500 mm) of the
'dlsturblng bodies from the 1ead1nb edge of the . plate and detexmlned
the position of the transition point for different velocities of
the' 1nc1dent flow by means of a -sliding Pitot tube, He used sheet

. metal strips 90 m in width as disturbing bodles 1nstead of wires.

?'Thls fact-Jlll nardlj 1nfluence the resultso b

_ , To compare Tani's and 3 c'h erbar th! s results
t“fof measurgument we calculate by interpolation those ‘levels of
B dlsturbances k from acherbarth's curves for which the transition
'tamg,ylace at & distance of 709 mm from the leading edge of the
,'plate (1.,e9 the loeatlon of Tani's measurements of the transition
‘ po:mt)Q D01nb 30 and glottlnc the agsociated Rk -values agalnst
- the level of disturbance. K, we obtain Fig.2. Hence the result is
. no constant value for Rg’ but a curve wthﬂ decreases- with the level
- of dlsturbance ko The way, however, in wnlcn +Sctherbarith
measured the level of dlsturbance of the sheet metal strlps is not
‘known. We can conclude with some certalntj from the smooth numericai
values for k that he has simply taken the thicknesses of the sheet
_metal strips as levels .of ‘disturbances. In reality, glues and irre~"
:  gularities of'the strips surfaces will have caused a considerable
. increase of the effective level of disturbance,,ésﬁeCially with
thinher strips; In this case the measuring points'(Fig§2)iwhich are
’ ‘too low- would rise along a vector drawn from the origin so that the
| hypothe31s R " conste would st111 be Justlfled There is another
:explanation of the decrease of Rk"r ‘with k: The value' of Rk has only
- the character of a llmlt of stablllty above which the transition
takes place after running througn a more or lesé\long gone of exci-

. tation, For reasons of similitude the zone of excitation would then

- be shorter for small levels of disturbance than for great ones. In
- order to mark the limit of Stablllty ‘the points (Figz.2) associated
to, small levels of disturbance k had to move downwards a little
. whereas those associated to greater levels of disturhance k had to

~move downwards a cprrespondlnglJ greater distance so that the hy-



BT ' WA
B . *
. - R .o -
3 . - & .
’ #

pothesis Rk = const, dould be Justifled,_too. The flnal declslon,
aowever, nust be reserved to exacter measurements. ‘

, Measurements of the transition p01nt on disturblng wires were -
" also made for aerofoils. T an i 1}9] obtained the value Rk = 13"
:‘for a symmetrucal laminar profile. His measuring method corresponded'
~ .to that described for the flat plate. German measurements ]?] made
- - according to the same method gave values of Réf between 9 and 14,
on an average 11. The measurements also confirmed the existence of
‘a sensitivity curve as shown in Fig.1; the disturbing wire showed
- zomes in the forward and in the rear part of the aerofoll profiles
'lln which it did not yet disturb the 1am1nar boundary layer in the
" case of the applied velocity of the 1n01dent flow, Teni's measure-'
‘ment did not cover profile zones sufficiently far in front in order
Ato’confirm similar conditions. The Germen measurements with
“__disturblnb wures ‘?, 48] are no measurements of tran31t10n p01nts
but drag measurements. From all of them results the familiar fact
" that the drag increase is particular great when the disturbing
:wires'are so far in front on the profile that they do not only cause
. an increase of the turbulent drag component but thef cause a forWard
] displacement of the transition point, £00. Knowledges surpassing the
Afamlllar facts on the sen51t1v1ty of the laminar boundary layer can-
'not be obtalned from them thus they need not be taken into con- !
_»slderatlon here e R .

' Besides the disturbing bodies in two—d1mens1onal flow dls-

' cussed so far, the lateral extension of g point disturbance was

;'1nxest1gated, too 1}1, 42] . From the measurements on a flat plate

"resulted a wedée-shaped region of disturbance behind the point of

.. an aperture angle Qf about 14 to 18 degrees. With increasing R-
number there is a slight increase of this angle.’Let us also mention

‘ the following phenomenon frequently on wind-tunnel models which have

" been exposed to the airstream for a congiderable time: The rear
turbulent part of the test body characterized by an irregular de-
~ position of dust in zig_zag, is evidently limited against the for—

. ward laminar part. Zlg;zag figures have the above indicated aperture
angleo They.are caused by small disturbances incidentally existing
on the surface. The turbulence within the reglons of disturbance
only makes the deposition of dust possible in the airstreanm. Thus

~ we obtain a good survey of the posltlons of the transitlon p01nts ¢
on the whole model surface.,

Coe
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We have 80 far‘diseuesed the influenee of disturbing bodies

‘with finite level of disturbance k on the lamlnar boundary layer°
fBut even in cases where a level of disturbance k does not exist-

'a glven point can dlsturb the laminar boundary layer, viz. when

" the surface shows here a discontinuity in curvature. In thls case
“the disturhance is due to the particularities of the pressure
' d1str1but1on oceurring at a “discontinuity in curvature. The poten~—
“tlal theoretical 1nves+1gatlon of such an 1rregular1t1es showed [43}'

that the ve1001ty distribution on the wall has here a p01nt of

'v.1nflect10n.w1th ‘a tangent ‘normal to this wall and consequently this

?‘.

b .

L4

~velocity distribution still shows fluctuatlons near such a point,
toos These fluctuations fade away rather slowly with 1ncreaszng

~wall distance, so that a dlsturblng 1nf1uence on the laminar

‘boundary layer is still possible in spite of the finite th1ckness
of displacementso Ideasurements on the laminar proflle conflrmed
the fact [ﬂ that a transition can be involved by a discontinuity-
1r ﬂurvature contour used was a clrcular blangle w1th a thickness

- ratio D.1. Inorder to obtain a roundlng of the nose, the leading
edge ‘of the circular blangle ‘had been cut off and replaced by a
‘small 01rcular arc, Thus a dlsconﬁlnulty in curvature aroge at the
301n¢ viz. the radlus of curvature referred to the chord suddenly
‘varied from 0.01 to 2.6. In curve (b) of Fig.3 the drag coefficient

- 1s plotted against the 1ift coefflclent as it resulted from the

8

L measurement on this proflle° As is seen, the tran31t10n points on

both 81des are located in front in the case of symmetrical flow.
Only with a certain 1nc1dence the trans1t10n p01nt moves backwardS‘
on the pressure side and will thus produce a decrease of the drag
coefflclen.t° This behaviour concluded from the drag curve could be
conflrmed by measurements of the tran31tlon points. Only a suffi- -
01ently great positive pressure gradlent will consequently counter--
‘balance the disturbance due to the dlsconjinulty in curvatureo

: Curve (a) is associated to a profile formed by the same circular

arcs, only the nose radius is altered to 1/10 of that_of the above
proflleo The djiscontinuity in curvature 1s consequently 10 times
the value of the profile of curve (b). It is located, however, with-

. in the range of the strong pressure drop due to the v1cln1ty of the

stagnatlon point. Thus -the disturbance cannot become effective 1n
this case elther° By the way, high subpressure peaks. naturally

. occur at once on this sharp~nnsed profile even with small incidence.

Thus the transition point quickly moves forwards on the corres—
ponding suction side. Curve (c) finelly Shewslthe drag curve for
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. the same circular biangle, apart from.the nose Whiéh is here a
parabolic arc so that the curvature of the contour remains
continuous. This profile shows the usual behaviour of laminar
. profiles as described in.detail‘in section 4.1 »

4, 332 Tests Nlth Throughout Rough aurfaceso

- We have so far-dlscussed 31ngle dlstulbanaes of ‘the lamlnul
houndary layerg The 1nfluence of rough surfaces remains to be
) 1nvestlgated, namely surfaces with levels of dlsturbances gtatisti-
cally distributed. The 1eve1 of dlsturbance k, therefore,‘can be

’*}con31dered here as statlstlc mean value’ onlJD We can learn from

former measurements BS] on flows through tubes which were made

~ rough by means of depositions of sand of different grfln size .

) that the influence of such a roughness on the laminar boundary
Alayer will ‘be unimportant in'any'case‘with small pressure‘gradienta
" neither the thickness of the laminar boundary layer nor its tran~
\51tlon p01nt seemko ke consmderablj altered as compared with the

7 condltlons of the smooth tube.. A recent measurement [49] concerning
 the 1nfluence of roughness on the laminar boundary layer was made
~on a flat plate the surface of which was subsequently pasted over
with» sand paper of dlfferent roughnesses., Fig.é was obtalned from
"'the measurements of the transition point 51 orit. is the critical -
thickness of displacement calculated from the measured position
~of the transition p01nt and from B1a31us‘ formula valid for the

- .-smooth  plate. The abscissa is referred to the crltlcal thlcknass

“of dlsplacement on the smooth plate, since the latter did not

: prove as constant but\au a function of the ?mnamber0 ﬁhen repre-
sentlng the dlstrlbutlon of the measuring points by an average cuive
the p01nts on the right side of the figure must not be taken into

. cons:Lderatlon9 since those points say that the tran51t10n on the
smooth plate partly océurgéd earlier than on the rough plate. This
is explained by the fact that partly a waviness of the smocth plate
- favouring the transitibn was removed by pas%ing‘ovér the roughness
layer, partly an angle of incidence was included with a pressure
distribution favourable for keeping the laminar condltlons on the

- rough sideo In- any caseg_the small 1nfluence of small roughnessec
on ﬁhe transition point is confirmed. A remarkable 1nfluence seens
to oceur only with greater roughnecses of the order of the thlck»
-ness of displacement, and 1t will be de31rable to clear this by

- further measurements,

’
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